We present how the applied Ar background pressure correlates to the cation and anion composition of Cu(I) chalcogenide thin films grown by pulsed laser deposition (PLD). The as-grown films produced at ~10 −2 mbar pAr show a more pronounced deficiency in lighter composition, as compared with using quasi-vacuum or ~10 −1 mbar. The thermoelectric performance of the as-grown Cu2Se varies consistently with the respective changes in Cu/Se ratio vs. pAr. The optimum thermoelectric performance of Cu2Se is achieved by growing in vacuum or quasi-vacuum, where dense and even thin film morphology is obtained while the cation/anion composition is more congruent than at higher pAr.
How to accurately control the thin film composition is one of the most important issues when growing thin films with a complex composition [1] [2] [3] [4] [5] . Pulsed laser deposition (PLD) is known as an effective approach to achieve the congruency in composition between the target and the as-grown thin film. Unlike the other deposition approaches such as molecular beam epitaxy (MBE), atomic layer deposition (ALD) or magnetron sputtering, the transfer of material stoichiometry in PLD is achieved by a laser-induced plasma plume expanding in background gas pressures variable within a broad range from 10 -7 to 1 mbar [4, 5] . However, in contrast to what is expected, for many practical depositions, a congruent thin film growth is not always easily achievable when using PLD. An inconsistency in composition between target and the as-grown thin films may be caused during the plasma generation, propagation and deposition processes, which can be summarized from both intrinsic and extrinsic aspects. Intrinsic reasons include an incongruent laser ablation [6] [7] [8] , the preference in background scattering [9] [10] [11] , diversity in angular distribution of the plasma elements [12] , and preferential resputtering of lighter constituents [13] . In addition, extrinsic reasons, such as target degradation, inhomogeneity of energy density in the laser spot, or incorrect alignment of the substrate in respect to the laser spot position [14] , can also cause an incongruent thin film growth. The previous report in Ref. [9] shows that a congruent transfer of the cation element can be achieved when growing La 0.6 Sr 0.4 MnO 3 oxide thin films at 10 −1 mbar pO 2 , at which pressure the plasma plume propagates as a shockwave. The formation of a shockwave front strongly confines the spatial distribution of the plasma species with various atomic weights, and maintains a congruent transfer of the target elements [9] . Meanwhile, a high anion (oxygen) composition is easily replenished via chemical reactions with the oxygen background. However, the situation is different when growing metal-chalcogenide compounds such as Bi 2 Se x Te 3−x , Bi 2−x Sb x Te 3 , Cu 2 S, Cu 2 Se, CdTe or CuInGaSe (CIGS) by PLD in noble gas background, such as argon (Ar) [15] [16] [17] [18] [19] . For these depositions, it is not possible to replenish the anion composition via chemical reactions with the background molecules. Therefore, congruent transferes of cation and anion components are both important.
In this letter, we address how the applied Ar background gas pressure correlates to the composition of Cu(I) chalcogenide thin films grown by PLD. The compositions of the as-grown thin films were measured by Rutherford backscattering (RBS). Among the copper (I) chalcogenide family, Cu 2 Se recently received extensive attention for potential thermoelectric or photovoltaic energy conversion applications [20, 21] . The electrical transportation performance of metal-chalcogenide compounds has been observed to heavily depend on the ratio between the cation and chalcogen composition [20, 21] . Taking the growth of the Cu 2 Se thermoelectric compound as a typical example, we establish the correlation among the applied Ar pressure for deposition, thin film composition and thin film thermoelectric performances. The strategy towards how to utilize the proper background scattering to control the thin film composition is suggested.
In order to prepare the Cu(I) chalcoginide thin films, the laser beam profile (KrF excimer laser λ = 248 nm) was imaged by a rectangular aperture onto the target material inside a vacuum chamber with a base pressure lower than 10 −6 mbar. Ar was used as background gas and was kept at a constant partial pressure from ~5 × 10 −3 to 1 × 10 −1 mbar. The Cu 2 Se was grown on (001) Si at room temperature or (La, Sr)(Al, Ta)O 3 (LAST) substrates at 150°C in vacuum or pAr at a laser ablation fluence (F) of 5 J cm −2 and target to substrate distance d T-S = 5 cm. Cu 2 S and Cu 2 Te were grown on (001) Si at room temperature in vacuum or pAr using F = 5 J cm −2 and d T-S = 5 cm. The film composition was measured by RBS performed using a 2 MeV 4 He beam and a silicon PIN diode detector at θ = 168°. The collected RBS data were simulated using the RUMP software [9] . Scanning electron microscopy (SEM) analysis was performed on a JSM-6360LV scanning electron micros cope. Electrical transport properties of the films were measured using a homemade thermopower and electrical conductivity measurement system, which is refitted based on the thermal expansion equipment (Netzsch DIL 402C) [21] , and the error of which is around 10% for the measurement of thin films.
When using Ar background pressures, both cation and anion components are solely provided by the target material. This is in contrast to the growth of oxide material under oxygen pressures, where the oxygen anion composition can be easily replenished by background interactions or post annealing [2-5]. As a result, the as-grown Cu 2 S x thin films in general show S deficiency compared with the target composition, while a deficiency in Cu has been generally observed for the asgrown Cu 2 Se y and Cu 2 Te z thin films. This result is in agreement with the previous understanding that a deficiency in lighter components is usually observed when preparing thin films by PLD [2] . Nevertheless, it is interesting to note that the most significant deficiency in lighter constituents was observed when using a pAr of ~10 −2 mbar. Similar effects have been also observed in previous reports for the cation compositions of the as-grown La By using fixed laser ablation conditions for the current experiment, the variation in thin film composition vs. pAr is expected to be associated to the following two effects: 1) background scattering of the plasma plume; and 2) resputtering of the thin film components by the arriving plasma species. The collision mean free path l between plasma species and background molecules is determined by l = kT/ [Pπ(R 1 +R 2 ) 2 ], where k is the Boltzmann constant, T is the absolute temperature, P is the background pressure, while R 1 and R 2 represent the atomic radii of the plasma species and background molecule, respectively. It is worth to note In vacuum or quasi-vacuum, l is much larger than the propagation distance of the plasma plume. Therefore, the plasma plume is not effectively scatterred by the background molecules and influences its composition. However, since the free expanding plasma species possess a large kinetic energy up to hundreds of eV [10] [22] . This may be another reason for the larger diversity between target and thin film observed when growing Cu 2 S or Cu 2 Te as compared with Cu 2 Se [23] .
When increasing the pAr to ~10 −2 mbar, l is reduced to a magnitude similar to the propagation distance of the plasma plume. Therefore, effective interactions between the plasma species and the Ar background molecules already start. On the one side, collisions with the Ar molecules reduce the kinetic energy of the plasma species and therefore resputtering of the thin film components is less pronounced as compared with the vacuum situation. On the other side, however, the lighter plasma species is more easily scattered by interactions with the background molecules [9, 10] . Despite the competition between the two opposite mechanisms, the most significant deficiency is observed in the lighter constituent.
By further elevating the background pressure towards ~10 −1 mbar, l is about ten times smaller than the plasma propagation distance. The intensive collisions with the Ar molecules change the plasma propagation from a free expansion in vacuum or quasi-vacuum (10 −3 mbar or lower) to the described shockwave propagation (~10 −1 mbar) [5,9,24-26]. As a result, the plasma species is more effectively stopped, compressed together with the background molecules, forming a relatively dense shockwave front [24] [25] [26] [27] . The shockwave front largely confines the spatial distribution of plasma species despite the difference in their atomic weights, which results in a more congruent transfer of the target element as compared with the deposition at ~10 −2 mbar [9] . At the same time, the kinetic energy of the plasma species is significantly reduced to several eV [10] which is insufficient to cause a pronounced resputtering of the thin film constituents. As a result, a larger content of the lighter component is observed when growing all three types of Cu(I) chalchogenide compounds using ~10 −1 mbar pAr as compared with the one using ~10 −2 mbar pAr. A further comparison among the growth of Cu 2 S, Cu 2 Se and Cu 2 Te thin films at 10 −1 mbar pAr indicates a more congruent growth for Cu 2 S as compared to Cu 2 Se or Cu 2 Te. This is in contrast to the situation of growing in vacuum and may be associated to a less effective spatial confinement of the heavier Se or Te compared with the lighter S, when providing a constant pAr in the 10 −1 mbar range. Although thin films grown at both quasi-vacuum and ~10 −1 mbar pAr possess a more congruent composition as compared to the one grown at ~10 −2 mbar pAr, a significant difference in their morphology has been observed. Fig. 3 shows both in-plane and cross-plane morphology of the as-grown Cu 2 Se thin films on LAST substrates at 150°C in different pAr. It is worthwhile to note that thin films grown in vacuum possess a smooth surface with uniform thickness, while a porous morphology with uneven thickness is observed for films grown at high pAr. Similar observations have also been made in previous reports [28, 29] and may be associated with the reduced kinetic energy of the arriving plasma due to more pronounced background scattering in higher pAr. As compared to the growth of oxide thin films, this effect is expected to be more pronounced for the current experiment due to the much lower substrate temperature applied in order to prevent the evaporation of the chalcogen composition. The low substrate temperature impedes the migration of the arriving plasma species at the substrate. This makes the thin film morphology more influenced by the plasma properties, which is determined by the background scatterings. 
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The variation in composition and morphology further influences the electrical transportation performances of the as-grown thin films. The carrier concentration, resistivity (r) and Seebeck coefficient (S) of the Cu 2 Se has been reported to be rather sensitive to the Cu/Se ratio [20, 21] . Fig. 4 shows the r, S and power factor (PF) of the as-grown Cu 2 Se x films vs. pAr measured at room temperature. Increasing pAr from vacuum to ~10 −2 mbar using a fixed ablation fluence results in a reduction of r as well as S of Cu 2 Se x , implying an increased carrier concentration due to the enhanced copper deficiency [20] . This observation is in agreement with the changes in thin film composition shown in Figs 1 and 2, i.e., that an increase of pAr from vacuum to 10 −2 mbar reduces the Cu/Se ratio. By further raising pAr from 10 −2 mbar to 10 −1 mbar, a slight increase is observed in S. This is caused by a more congruent element transfer in the 10 −1 mbar pressure range that reduces copper deficiency (see Fig. 1 ), and hence, the carrier concentration [20] . The resistivity of the Cu 2 Se film grown at high pAr is relatively large due to the larger roughness as shown in Fig.  2 . As a result of the opposite trend of the thin film conductivity (1/r) and Seebeck coefficient, the maximum power factor is achieved for vacuum growth (with maximum S) or 5 × 10 −3 mbar pressure (with lowest resistance). We can see that the optimum deposition of Cu 2 Se is observed when using vacuum or quasi-vacuum, under which conditions a more congruent transfer of Cu/Se composition, uniform morphology and better thermoelectric performance are achieved. This is in contrast to the depositions of most oxide thin films, where an oxygen containing background at 10 −1 mbar range is usually used [2,3,5,9]. In summary, we present how the applied Ar background pressure and the respective background scatterings influence the cation and anion compositions when growing Cu(I) chalcogenide thin films by PLD. Thin films grown at ~10 −2 mbar pAr show the most pronounced deficiency in the lighter component, as compared with the films grown under quasi-vacuum condition or ~10 −1 mbar. This indicates that a most preferential scattering of the plasma species by the background molecules occurs at a condition where the collision mean free path between plasma and background molecules is similar to the propagation distance of the plasma plume. In that case, effective background scatterings already start. However, the interactions with the background molecules are not sufficient to completely transform the plasma propagation into a shockwave, which strongly confines the spatial distribution of the plasma species despite the difference in their atomic weights. The thermoelectric performance of the as-grown Cu 2 Se thin films varies consistently with the respective changes in Cu/Se ratio vs. pAr. The optimum thermoelectric performance is achieved when growing Cu 2 Se in vacuum or quasi-vacuum, where a more congruent Cu/Se ratio is achieved while the thin film morphology is dense and even. This is in contrast to the pressure range used for a congruent growth of oxide material at the low 10 −1 mbar. The present investigation provides a better understanding of how to select a proper background gas condition in order to better control the cation and anion composition when growing metal-chalcogenide thin films by PLD. 
